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ABSTRACT
Forest edges have become important features in
landscapes worldwide. Edges are exposed to a dif-
ferent microclimate and higher atmospheric nitro-
gen (N) deposition compared to forest interiors. It
is, however, unclear how microclimate and ele-
vated N deposition affect nutrient cycling at forest
edges. We studied litter decomposition and release
of N, phosphorus (P), total cations (TC) and C/N
ratios during 18 months via the litterbag technique
along edge-to-interior transects in two oak (Quercus
robur L.) and two pine (Pinus nigra ssp. laricio Maire
and ssp. nigra Arnold) stands in Belgium. Further-
more, the roles of edge conditions (microclimate,
atmospheric deposition, soil fauna and soil physic-
ochemical conditions), litter quality and edge
decomposer community were investigated as
underlying driving factors for litter decomposition.
Litter of edge and interior was interchanged (fo-
cusing on the influence of edge conditions and
litter quality) and placed in open-top chamber
(OTC), which create an edge (warmer) microcli-
mate. As the decomposer macrofauna was more
abundant at the edge than in the interior, the OTCs
were used to isolate the effects of warming versus
soil fauna. Oak litter at the edge lost 87 and 37%
more mass than litter in the interior. We demon-
strated an edge effect on litter decomposition and
nutrient release, caused by an interplay of edge
conditions (atmospheric deposition of N and TC,
soil pH and C/N ratio), litter quality and soil fauna.
Consequently, edge effects must be accounted for
when quantifying ecosystem processes, such as
litter decomposition and nutrient cycling in frag-
mented landscapes.
Key words: temperate forest; edge effect; atmo-
spheric deposition; litter; decomposition; nutrient
release.
INTRODUCTION
Decomposition of leaf litter is a major source of
nutrients in forest ecosystems and influences the
proportion and persistence of nutrient and C
retention in soil (Cotrufo and others 2013). The
rate of litter decomposition is affected by soil tem-
perature, soil moisture, soil chemical conditions,
the composition of the decomposer community and
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the litter quality (Sariyildiz 2008). Due to increased
solar radiation, wind and higher evapotranspiration
rates, forest edges generally have higher soil tem-
peratures and a lower soil and litter moisture con-
tent than interiors (Herbst and others 2007; Riutta
and others 2012). Forest edges have become
important features in the Western European land-
scape, resulting from a long history of land-use
change (Hofmeister and others 2013; Decocq and
others 2016). Apart from microclimate, forest edges
differ substantially from forest interior zones in
regard to atmospheric deposition, physicochemical
soil conditions, nutrient and carbon (C) stocks and
fluxes, forest structure and faunal and floral species
composition and dynamics (for example, Matlack
1993; Chen and others 1995; De Schrijver and
others 2007; Wuyts and others 2008; Remy and
others 2016). However, the effects of forest frag-
mentation on litter decomposition in temperate
forests are poorly understood (Herbst and others
2007).
In temperate regions, moisture content is often a
stronger regulator of litter decomposition than
temperature (Aerts 2006). Ritter and others (2005)
observed considerable microsite variation in soil
moisture content of forest edge versus interior.
Decomposers also play a critical role in nutrient
cycling in forests, as they drive the soil C cycle by
mineralizing organic matter for their growth
(Manzoni and others 2012; David 2014). Malmi-
vaara-La¨msa¨ and others (2008) found decreased
microbial biomass and activity at forest edges (that
is, a decrease of 30–45% up to 20 m from the forest
edge) and implied that this would lead to decreased
litter decomposition rates and consequently to al-
tered nutrient cycling. In temperate forests growing
on acid sandy soils, the most abundant macrofauna
groups are woodlice (Isopoda) and millipedes (Di-
plopoda) (David and Handa 2010), which are sen-
sitive to changes in temperature and moisture
(Edwards and others 2010). De Smedt and others
(2016) showed that woodlice abundance decreased
exponentially from the forest edge towards the
forest interior, whereas millipede abundance
showed an optimum after the first 10 m from the
forest edge, between edge and interior. They at-
tributed these trends to the specific desiccation
tolerance of the different species.
Litter chemistry and stoichiometry with regard to
C, nitrogen (N) and phosphorous (P) is an impor-
tant regulator of litter decomposition, as higher
litter C/N and C/P ratios negatively affect N and P
mineralization, respectively (Mooshammer and
others 2012). Cools and others (2014) showed that
the C/N ratio of the organic layer (litter and frag-
mented litter and humus) and mineral topsoil
mainly depends on tree species, where deciduous
tree species are characterized by lower C/N ratios
than evergreen tree species. Moreover, Spangen-
berg and Ko¨lling (2004) and Wuyts and others
(2011) measured lower C/N ratios of the organic
layer at the edge, which was exposed to higher N
deposition levels than the forest interior. Further-
more, the litter concentration of total cations, such
as Ca, also affects decomposition rates (for example,
Hobbie and others 2006).
The sparse studies on the effects of forest frag-
mentation on decomposition mainly report on
observations in tropical forests (Didham 1998;
Vasconcelos and Laurance 2005; Moreno and oth-
ers 2014) or on wood decomposition (Gonza´lez and
others 2008; Crockatt and Bebber 2015). Experi-
mental studies that reveal the driving factors of
litter decomposition in temperate forest edges are
lacking. Up to now, only Riutta and others (2012)
investigated edge effects on litter decomposition
rates in temperate deciduous forests and experi-
mentally tested the moisture limitation hypothesis.
They observed lower decomposition rates in the
edge compared to the interior, which was attrib-
uted to moisture limitation at the drier forest edge.
We wanted to further elucidate the knowledge
gap on litter decomposition and nutrient cycling in
the highly fragmented landscapes of Western Eur-
ope. Therefore, we designed a tripartite experi-
mental set-up to determine edge influence on leaf
litter decomposition and nutrient release in tem-
perate forests and elucidate the role of litter quality,
litter position and macrofauna therein. The study
was performed in two oak and two pine stands,
situated in an agricultural landscape in northern
Belgium. Firstly, edge effects on litter decomposi-
tion and nutrient release were assessed during
18 months along edge-to-interior transects using
the litterbag technique. Secondly, litter of edge and
interior (128 m) was interchanged to determine
the importance of edge conditions (microclimate,
atmospheric deposition, soil decomposer commu-
nity and soil physicochemical conditions) and litter
quality on the decomposition rate. Thirdly, litter of
the forest interior was placed in open-top chamber
(OTC), which simulated edge microclimate (war-
mer) in the forest interior in absence of the specific
forest edge community of litter and soil-dwelling
fauna. We hypothesized that (1) due to the higher
N deposition and contrasting microclimate at the
edge, initial leaf/needle litter decomposition and
nutrient release would be faster at the forest edge
than in the interior, (2) the edge conditions would
stimulate leaf/needle litter decomposition and
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nutrient release, irrespective of the litter quality,
(3) edge leaf/needle litter would break down faster
and lose more nutrients than interior litter, irre-
spective of its location (edge/interior), due to the
improved litter quality (lower C/N ratio, more TC)
of edge litter compared to interior litter, and (4)
due to the absence of the specific edge decomposer
macrofauna, leaf/needle litter decomposition and
nutrient release of interior litter in the OTC would
be slowed down compared to interior litter at the
forest edge.
MATERIALS AND METHODS
Study Area
Four forest edges in Belgium were selected for de-
tailed characterization: a pedunculate oak (Quercus
robur L.) stand in Wortegem, West Flanders (Qr1),
a second pedunculate oak stand in Ravels, Antwerp
(Qr2), an Austrian pine (Pinus nigra ssp. nigra Ar-
nold) stand in Zedelgem, West Flanders (Pn1) and a
Corsican pine (P. nigra ssp. laricio Maire) stand in
Ravels, Antwerp (Pn2). All stands are even-aged
monocultures and grow on sandy quartz-domi-
nated podzols with a low base saturation (pH-
KCl < 4). Previous land use was in all cases
heathland until afforestation in last century (be-
tween 1920 and 1960). The considered forest edges
are facing the locally prevailing wind direction
(southwest), which creates the steepest edge gra-
dients in throughfall deposition (Draaijers and
others 1988). An overview of the stand and
physicochemical characteristics can be found in
Table 1. Mean annual air temperature is 10.5C
and mean annual precipitation is 800 mm in Bel-
gium (data obtained from the nearest weather
station operated by the Royal Meteorological
Institute of Belgium, 1981–2010). The understory
vegetation is composed of ferns (Dryopteris dilatata
and Dryopteris carthusiana) and grasses (Molinea
caerulea and Holcus sp.) in the pine stands, with
brambles (Rubus fruticosus agg.) in Pn1. The
understory vegetation in the edges of the oak
stands is characterized by brambles. Other occur-
ring tree species are mountain ash (Sorbus aucu-
paria) in all the forests, pedunculate oak and silver
birch (Betula pendula) in Pn1, black alder (Alnus
glutinosa) in both oak forests and black cherry
(Prunus serotina) in Qr1.
Experimental Set-Up
Decomposition of oak leaf and pine needle litter
was studied via the litterbag technique. In a first
experiment (litterbag series A, Figure 1), litter
decomposition and nutrient release from litter
produced at the site of origin were followed over
time along the edge-to-interior transects. Litterbags
were placed at the edge (0 m), at 16 m, at 64 m
and at 128 m from the edge to detect differences in
the rate of litter decomposition and nutrient release
as a function of edge proximity. Co-occurring tree
species were avoided as much as possible when the
edge-to-interior transects were installed. In a sec-
ond experiment, fresh litter of the forest interior
and forest edge was interchanged to test the impact
of the edge conditions (microclimate, atmospheric
deposition, soil decomposer community and soil
physicochemical conditions) and litter quality (lit-
terbag series B, Figure 1) on litter decomposition.
In a third experiment (litterbag series C, Figure 1),
litter of the forest interior was placed in the forest
interior in open-top chamber (OTC), which create
an edge microclimate (warmer than in the forest
interior, De Frenne and others 2010). As the
decomposer macrofauna was more abundant at the
edge than in the interior, the OTC were used to
isolate the warming vs. soil fauna effects on litter
decomposition and nutrient release. Soil moisture
was not significantly affected by the OTC (De
Frenne and others 2010) nor the arthropod com-
munity as they were able to crawl under the OTC
(pers. obs.). The litterbags were 20 by 20 cm in size
and consisted of a wire mesh (5 9 5 mm), fitted
with a nylon mesh (mesh size of 1 9 1 mm) at the
bottom, which makes contact with the soil. In this
way, litter loss was prevented, but horizontal entry
of most soil fauna was still allowed. In all stands,
falling leaves and needles were intercepted during
winter 2013 on nets placed at the four distances (0,
16, 64 and 128 m). The intercepted leaves and
needles were air-dried for 7 days. Litterbags were
filled with 10 g of air-dried leaves or needles. All
experiments were conducted from November 2014
until June 2016. For series A, two litterbags were
collected six times, that is, every 3 months during
18 months at every sampling distance (0, 16, 64
and 128 m). For series B, two litterbags were col-
lected six times (every 3 months) at the edge and in
the interior (128 m). For series C, two litterbags
were collected six times (every three months) from
the OTC. In total, 331 litterbags were manufactured
by hand. In the pine forest Pn2, very low amounts
of litter had fallen at the forest edge. Hence, the B
series in this forest interior contained only 5 g of
litter and no replicate. Litterbags were anchored
into the litter layer of the forest floor by means of a
bended iron wire coated with a layer of synthetic
material.
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Sampling and Chemical Analysis
Two litterbags were collected from each distance
and from each series (A, B and C) every 3 months
(after 3, 6, 9, 12, 15 and 18 months). Retrieved
litter samples were dried at 25C for 2 days and
weighed. Hereafter, they were dried at 65C for
2 days, analysed for oven-dry mass and milled
(ZM1, Retsch, Germany) to correct for the differ-
ence in mass loss between air-dried litter and oven-
dried litter (Ba¨rlocher 2005). Nitrogen and carbon
(C) concentrations were measured by a CNS ele-
mental analyser (vario Macro Cube, Elementar,
Germany). Leaf and needle samples were digested
(by addition of 2 ml HNO3 and 0.4 ml of HClO4 to
75 mg of sample in Teflon pots, followed by a
dilution up to 50 ml) prior to phosphorus (P),
potassium (K), magnesium (Mg) and calcium (Ca)
concentration measurements. P concentration was
measured colorimetrically on 5 ml of digested
sample (Cary 50 Spectrophotometer, Agilent
Technologies, USA) by addition of 2 ml of a mix-
ture of H2SO4, NH4 para-molybdate, polyvinyl
alcohol and malachite green. K, Mg and Ca con-
centrations were measured on the remaining
destructed sample by atomic absorption spectrom-
etry (SpectrAA 240FS, Agilent Technologies, USA)
after a 10% addition of CsCl modifier (25 mg CsCl
in 50 ml HCl 37%, diluted to 1 l). Lignin concen-
trations were measured at the Institute for Agri-
culture and Fisheries Research (ILVO), according to
the methods of Van Soest and others (1991) on a
bulk sample of air-dried litter of each litter type at
each distance.
Statistical Analysis
When strong curvatures are observed in the
decomposition dynamics, the single exponential
curve, developed in detail by Olson (1963, Eq. 1),
can be less appropriate
xt=x0 ¼ ekt ð1Þ
where xt is the remaining amount of litter at time t
(g), x0 is the initial amount of litter (g), t is the time
(year) and k is the decomposition rate (y-1).
Therefore, we used the conceptual approach of
Rovira and Rovira (2010) comparing three possible
patterns in which the decomposition rate varies
with time: (1) exponential rate decrease, (2)
waveform dynamics, simulating seasonal rhythms
and (3) rational-type dynamics, involving a rate
increase in the initial phase, followed by a gradual
decrease. Next to these equations, our dataset was
also fitted to Olson’s single exponential model
(equation 1), to ensure that the considered equa-
tions improved the fit. The most appropriate model
was chosen based on the adjusted coefficient of
determination (equation 2) and the corrected
Akaike information criterion (AICc) value (equa-
tions 3 and 4)
adjustedR2 ¼ 1 1 R
2ð Þ n  1ð Þ
n  K  1 ð2Þ
where R2 = 1—residual sum of squares/corrected
sum of squares, n is the sample size and K is the
number of parameters involved in the model.
AIC ¼ n log r2 þ 2K ð3Þ
AICc ¼ AICþ 2K K þ 1ð Þ
n  K  1 ð4Þ
where AICc is the corrected AIC value for a small
dataset (low n values) and r2 is the residual vari-
ance. The adjusted R2 values did not differ much
between Olson’s single exponential equation and
the equations described by Rovira and Rovira
(2010). Moreover, if any of the proposed equations
by Rovira and Rovira (2010) is preferable over the
classic Olson’s model, then AICOlson > AICEq.
Consequently, the difference in AIC values (DAI-
C = AICEq - AICOlson) would be negative. As both
DAIC and DAICc were positive, the replacement of
Olson’s model by any of the proposed equations
was not justified, in spite of the possible increase in
the adjusted R2. The values of the decomposition
rate k are presented in S-I. The relative remaining
litter mass in the litterbags is presented in Figure 2.
Significant differences in initial litter concentra-
tions and the decomposition parameter along the
edge-to-interior transects were assessed via one-
way ANOVA for each forest type (S-II). Pearson
correlation coefficients were calculated between
initial litter concentrations (N0, C0, mass-based C/
N0 ratio, lignin0, P0 and TC0, Table 2), relative litter
mass loss and the decomposition parameter (k) of
series A for each forest type to explore which litter
Figure 1. Schematic overview of the set-up of litterbag
series A, B and C.
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characteristics influence litter decomposition
dynamics (S-III).
Absolute masses of the elements in the litterbags
(mg) were calculated by multiplying element con-
centrations with the remaining dry mass at each
collection date, enabling us to make statements on
nutrient release (Figure 3). Concentrations of K,
Mg and Ca (mg kg-1) were converted to amounts
in milliequivalents (meq), and their sum is further
referred to as total cations (TC). Nutrient releases,
that is, differences between remaining nutrient
masses after 18 months and the initial mass were
calculated absolutely (in mg or meq) and relatively
(in %, S-IV).
Next, a two-way analysis of variance (ANOVA)
was performed on the mass loss and nutrient re-
lease data of series A of each stand to assess the
influence of the discrete predictor variables dis-
tance to the forest edge (4 levels: 0, 16, 64 and
128 m), time of sampling (6 levels: 3, 6, 9, 12, 15
and 18 months) and their interaction on relative
mass loss, nutrient release of N, P and EC and rel-
ative changes in C/N ratios. A Tukey’s HSD post
hoc test was performed to explore differences be-
tween the distances along the edge-to-interior
transects (0, 16, 64, 128 m), at a significance level
of p < 0.05 (Table 3).
To assess the role of litter position (microclimate,
atmospheric deposition, decomposer community
and soil physicochemical conditions inherent to the
edge and interior) and litter quality (edge, interior)
in decomposition edge effects, two-way ANOVA’s
were performed on data of mass loss (in %),
nutrient release (in %) and relative changes in C/N
ratios of series A, B and C after 18 months for each
stand. A Tukey’s HSD post hoc test was performed
Figure 2. Relative remaining mass (relative to initial mass, Mt/M0) in the litterbags of series A during 18 months of litter
decomposition and modelled data according to Olson’s single exponential model (equation 5.1) for the four distances (0,
16, 64, 128 m) along the edge-to-interior transects in the oak A Qr1 and B Qr2 and pine stands C Pn1 and D Pn2; see
decomposition parameter k in S-I.
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to explore differences between the litter positions
(edge, interior, OTC), with a significance level of
p < 0.05 (Table 4).
Correlations (Pearson’s correlation coefficients)
were assessed between relative changes in litter
mass and nutrient amounts on the one hand, and
soil physicochemical and environmental charac-
teristics (pH of mineral soil, C/N ratio of forest floor
and mineral soil, atmospheric N deposition, soil
temperature and moisture (previously determined
by Wuyts and others (2009, 2013) and Remy and
others (2016) along the same edge-to-interior
transects) on the other hand, for each forest type
(S-V). Model fitting was performed in SPSS Statis-
tics 24 for Windows, whereas the other statistical
analyses were performed in R 3.3.1 (R Develop-
ment Core Team 2016).
RESULTS
Mass Loss and Nutrient Release Along
Edge-to-Interior Transects
Mass Loss
The relative remaining mass in the litterbags, fit
with Olson’s single exponential model (equa-
tion 1), decreased over time (Figure 2). The mean
decomposition rate k ranged between 0.3 and 1.0
y-1 and was highest at the edge of the oak stand
Qr1 (S-I), coinciding with the lowest relative
remaining mass (Figure 2A). In the oak stands,
Tukey’s HSD post hoc tests revealed that relative
remaining litter mass at the edge was significantly
lower than litter mass at 16, 64 and 128 m over the
whole period of 18 months (Table 3). The
remaining litter mass after 18 months was
7.3 ± 1.2% and 28.5 ± 2.1% of initial mass,
respectively, at the edge of Qr1 and Qr2, and
56.2 ± 4.2 and 45.7 ± 5.6% in the forest interior
(128 m) of, respectively, Qr1 and Qr2 (Figure 2A,
B). In the pine stands, litter mass loss was rather
constant along the edge-to-interior transects (Ta-
ble 3). Remaining litter mass after 18 months was
47.3 ± 9.6% and 33.6 ± 12.2%, respectively, at
the edge of Pn1 and Pn2 (Figure 2C, D) and
40.5 ± 4.5 and 47.3 ± 2.2% of the initial mass in
the interior (128 m) of Pn1 and Pn2, respectively.
Correlation analyses between initial litter char-
acteristics (N0, C0, mass-based C/N0 ratio, P0, lig-
nin0, TC0; see Table 2), and litter mass loss and the
decomposition parameter k for oak and pine sepa-
rately, revealed a significant positive correlation
between the decomposition parameter k and the
initial concentration of TC for the oak stands. In the
pine stands, litter mass loss was negatively corre-
lated with initial lignin concentration (S-III).
Pearson’s correlation analyses between litter mass
loss after 18 months and soil physicochemical and
environmental characteristics showed that in the
oak stands litter mass loss was higher at higher pH
values of mineral soil and at lower C/N ratios of the
forest floor (p < 0.05 for pHms and CNff, S-V,
respectively). The decomposition rate k of the oak
stands was also positively correlated with the pH of
the mineral soil (p < 0.01) and negatively corre-
lated with the C/N ratio of the forest floor
Table 2. Initial Litter Concentrations of Nitrogen (N0), Carbon (C0), Lignin to N Ratio (lignin/N0), Phos-
phorus (P0), Total Cations (TC0) and Initial C/N Ratios (C/N0) Intercepted at the Four Distances Along the
Edge-to-Interior Transects in the Oak (Qr1 and Qr2) and Pine (Pn1 and Pn2) Stands
Species Stand Distance (m) N0 (%) C 0 (%) Lignin/N0 P0 (mg kg
-1) TC0 (meq kg
-1) C/N0
Oak Qr1 0 1.3 49.9 19.6 825.1 792 37.0
Qr1 16 1.3 49.7 23.5 696.1 799 37.1
Qr1 64 1.7 50.5 16.3 878.3 636 29.1
Qr1 128 1.3 51.6 22.4 752.5 572 38.4
Qr2 0 1.7 50.5 16.4 493.1 646 31.5
Qr2 16 1.6 51.5 20.2 489.6 519 31.5
Qr2 64 1.5 51.4 22.2 656.3 532 33.4
Qr2 128 1.4 50.5 22.5 728.4 502 35.7
Pine Pn1 0 0.7 53.0 37.6 222.6 382 72.5
Pn1 16 0.9 53.8 32.9 221.4 299 62.0
Pn1 64 0.8 53.3 36.1 237.6 256 67.7
Pn1 128 1.0 52.7 25.2 276.8 217 54.7
Pn2 0 1.2 53.0 20.4 654.0 459 45.6
Pn2 16 1.0 53.2 29.5 382.5 265 54.8
Pn2 64 0.9 53.3 30.8 307.8 215 57.4
Pn2 128 1.1 53.4 27.8 319.5 199 50.7
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Figure 3. Average nutrient amounts in decomposing litter over time at the edge (= 0–5 m) and interior (= 128 m) for the
oak (A–D) and pine stands (E–H) for nitrogen (N, in mg), C/N ratio, phosphorus (P, in mg) and total cations (TC, in meq)
for litterbag series A (n = 2 per sampling moment).
E. Remy and others
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(p < 0.05, S-V). In the pine stands, k was nega-
tively correlated with the C/N ratio of the mineral
soil and P loss was positively correlated with the C/
N ratio of the forest floor (p < 0.05, S-V).
Nutrient Release
Initial concentrations of N, C, lignin to N, P and
total cations (TC) and initial C/N ratios in inter-
cepted litter are presented in Table 2. Only the
initial concentrations of TC of pine litter decreased
significantly with distance to the edge (S-II). Lignin
to N ratios were significantly lower (t = -4.32,
p = 0.001, n = 8) in the oak stands than in the pine
stands, while TC amounts were significantly higher
(t = 6.43, p < 0.001, n = 8) in the oak stands than
in the pine stands. Absolute and relative nutrient
releases, that is, differences between remaining
nutrient masses after 18 months and the initial
mass can be found in S-IV.
After 18 months of litter decomposition, N loss
was significantly higher at the oak edges than in
the interiors (Table 3). Nitrogen loss at the edge
was increased by 2 orders of magnitude (or
124 mg) and by 80% (or 56 mg), respectively, in
Qr1 and Qr2. The significant interaction term
showed that N loss fluctuated along the edge-to-
interior transect over time in Qr2 (Table 3). In Pn1,
N loss was 40% (or 9.5 mg) lower at the edge than
in the interior (Table 3). In Pn2, N loss of edge litter
was twice as high as N loss of interior litter (or
33 mg, Figure 3E; Table 3).
In the oak stands, litter C/N ratios decreased
during the first 6 months and stayed constant
hereafter, while pine litter C/N ratios showed the
opposite pattern: a constant C/N ratio during the
first 6 months and a slow decrease over the
remaining course of the experiment over all dis-
tances (Figure 3B). Litter C/N ratios were signifi-
cantly higher at the edge of the pine stands (on
average, respectively, 18% for Pn1 and 15% for
Pn2) than in the interior (Figure 3F, p < 0.05 for
Pn1 and Pn2, n = 28). Relative changes in litter C/
N ratios were significantly affected by distance to
the forest edge with higher relative changes in litter
C/N ratios at the oak edge of Qr2 (40%) and pine
edge of Pn2 (40%), but lower relative changes at
the pine edge Pn1 than in the interior (28%, Ta-
ble 3).
In the oak stands, there was a significant effect of
distance to the forest edge on P loss (Figure 3C;
Table 3), as P loss at the oak edges was increased by
72% (or 4.9 mg) and 30% (or 2.1 mg), respec-
Table 4. Effects of Litter Position (edge, interior, OTC), Litter Quality (edge, interior) and Their Interaction
on Relative Mass Loss, Nutrient Release of Nitrogen (N), Phosphorus (P), Total Cations (TC) and Relative
Change in C/N Ratio After 18 Months of Litter Decomposition
Stand Variable Litter position Litter quality Interaction
Qr1 Mass loss 3.07 e26 e > o, i 0.004 e > i 0.013
N loss 4.96 e27 e > o > i 8.69 e25 e > i 0.554
P loss 1.61 e25 e > o, i 0.0002 e > i 0.057
TC loss 0.0004 e > o, i 0.0002 e > i 0.459
C/N change 0.388 0.394 0.417
Qr2 Mass loss 0.067 0.987 0.641
N loss 0.142 0.006 e > i 0.091
P loss 0.001 e > o, i 0.027 i > e 0.021
TC loss 0.254 0.248 0.124
C/N change 0.203 0.0002 e > i 0.057
Pn1 Mass loss 0.020 i > o, e 0.028 e > i 0.022
N loss 0.037 i > o, e 0.791 0.029
P loss 0.091 0.111 0.004
TC loss 0.180 0.113 0.449
C/N change 0.307 0.009 i > e 0.496
Pn2 Mass loss 0.438 0.177 0.224
N loss 0.336 0.036 e > i 0.185
P loss 0.084 0.001 e > i 0.100
TC loss 0.612 0.044 e > i 0.763
C/N change 0.049 e > o, i 0.001 e > i 0.059
Bold values are significant (p < 0.05). Results of the Tukey HSD post hoc tests are specified: e = edge, i = interior, o = open-top chamber
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tively, for Qr1 and Qr2. In the pine stands, P
amounts stayed constant, except at the edge of Pn2,
where a sharp decrease in P amount occurred in
the first 3 months (Figure 3G). In the pine stands, P
loss was significantly higher (twice as high or
0.7 mg) at the edge of Pn2 than in the interior
(Table 3).
Loss of TC was significantly higher at the oak
edges than in the interiors (Figure 3D; Table 3), as
it was increased by 52% (or 2.5 meq) and by 20%
(or 0.9 meq), respectively, for Qr1 and Qr2. In the
pine stands, TC amounts at the edge could be
clearly distinguished from TC amounts in the
interior (Figure 3H). There was no significant effect
of edge proximity on TC loss in the pine stands
(Table 3).
Losses of N and TC after 18 months were nega-
tively correlated with the C/N ratio of the forest
floor in the oak stands (p < 0.01 and p < 0.05,
respectively, for N and EC, S-V), whereas loss of P
was positively correlated with pH of the mineral
soil (p < 0.05, S-V).
Effect of Litter Quality, Litter Position
and Edge Decomposer Macrofauna on
Mass Loss and Nutrient Release
Analysis of mass loss and nutrient release in series
B and C was significantly affected by litter quality,
litter position and the edge decomposer macro-
fauna. Averaged over the four stands, the temper-
ature of the litter layer in the OTC was 0.73
(± 0.26)C higher than outside the OTC. The
temperature increase in the OTC was comparable
to the soil temperature increase at the forest edge
compared to the interior, as the temperature dif-
ference between edge (0–2 m) and interior (128 m)
ranged between 0.29 and 1.29C at a depth of 5 cm
in the mineral soil (S-VI).
In Qr1 and Pn1, litter quality, litter position and
the interaction of litter quality and position, that is,
the interchange of edge and interior litter signifi-
cantly affected mass loss (Table 4). In Qr1, edge
litter lost more mass than interior litter, irrespective
of its position, and litter at the edge lost more mass
than litter in the interior or in OTC (Figure 4A).
Also in Qr2, litter at the edge lost more mass than
litter in the interior (Figure 4A), irrespective of its
quality, but the effect was marginally insignificant
(Table 4). In Pn1, edge litter lost more mass com-
pared to interior litter and litter in the interior lost
more mass than litter at the edge or in the OTC. No
significant influence of litter position or quality was
observed on mass loss in Pn2.
Loss of N was governed by litter quality in both
oak stands and Pn2, where edge litter lost more N
than interior litter (Table 4; Figure 4B). In Qr1 and
Pn1, litter position affected N loss in the same way
as mass loss (that is, litter at the edge lost more N
than litter in the interior of Qr1, whereas in Pn1
litter in the interior lost more N than litter at the
edge).
Edge litter lost more P than interior litter in Qr1
and Pn2 (Table 4; Figure 4C). In both oak stands,
litter at the edge lost more P than litter in the
interior or OTC. In Pn1, the Tukey post hoc test
revealed that the interchange of litter significantly
affected P loss, as P loss of interior litter in the
interior differed from interior litter at the edge and
P loss of edge litter at the edge differed from edge
litter in the interior.
Edge litter of Qr1 and Pn2 lost more TC than
interior litter in these stands (Table 4; Figure 4D).
In Qr1, litter at the edge lost significantly more TC
than litter in the forest interior or OTC.
Relative changes in C/N ratios were significantly
influenced by litter quality (Table 4; Figure 4E),
with larger relative changes in C/N ratio in edge
litter compared to interior litter in Qr2 and Pn2, but
larger relative changes in C/N ratio in interior litter
compared to edge litter in Pn1. In Pn2, litter at the
edge had larger relative changes in C/N ratios than
litter in the interior.
DISCUSSION
In this study, we explored the edge effects on litter
decomposition and nutrient release in four tem-
perate forest stands in northern Belgium, Flanders,
by monitoring litter mass loss, nutrient losses (N, P
and TC) and C/N ratio along edge-to-interior
transects over 18 months. The remaining litter
mass was lower at the edge compared to the inte-
rior in the oak stands, but not in the pine stands.
Nutrient release was higher at the edge compared
to the interior for all nutrients in the oak stands,
but only for N and TC in the pine stands. Fur-
thermore, the roles of edge conditions (edge-
specific microclimate, atmospheric deposition, soil
fauna and soil physicochemical conditions), litter
quality and edge decomposer community were
investigated as underlying driving factors for litter
decomposition and nutrient release at temperate
forest edges by interchanging edge and interior
litter and placing litter in OTC. We found signifi-
cant effects of the edge conditions, litter quality and
the edge decomposer macrofauna on litter decom-
position and nutrient release. In the next sections,
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the edge effect and its underlying driving factors on
litter mass loss and nutrient release are discussed.
Litter Mass Loss and Nutrient Release
Along Edge-to-Interior Transects
Our first hypothesis, stating faster litter decompo-
sition and nutrient release at the edge compared to
the interior, held true for the oak stands but not for
the pine stands. Litter at the edge lost 87 and 37%
more mass than litter in the interior, respectively,
in Qr1 and Qr2. In Qr2, relative remaining litter
mass fluctuated in time along the edge-to-interior
transects, probably due to the disturbance by wild
boars (pers. obs.). Nitrogen and P were released
faster from decomposing litter at the forest edge
Figure 4. Results of the two-way ANOVA’s for litterbag series A, B and C showing the effect of litter position (e = edge,
i = interior, = OTC) and litter quality (edge, interior) on litter mass loss and nutrient release of nitrogen (N), phosphorus
(P) and total cations (TC) and change in C/N ratio for the oak (Qr1 and Qr2) and pine stands (Pn1 and Pn2). Significance of
litter position (left) and litter quality (right) is specified beneath the forest identifications (Qr1, Qr2, Pn1, Pn2): *p < 0.05,
**p < 0.01, ***p < 0.001, ns = non-significant (p > 0.05).
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than in the forest interior in all studied stands. Also,
TC release was higher at the edge, but only in the
oak stands (Figure 3; Table 3). It should be noted
that differences between the forest stands might
have affected the strength of the edge effect. Faster
decomposition at the edge (0–50 m) was also ob-
served in tropical forest fragments of 100 ha (Did-
ham 1998), but, in contrast, no edge effect on
decomposition was observed by Vasconcelos and
Laurance (2005) and Moreno and others (2014).
Riutta and others (2012) found even slower
decomposition in the edge of mixed deciduous
temperate forests in the UK, which was attributed
to moisture limitation at the drier forest edge. We
found no significant correlation between litter mass
loss and soil moisture, suggesting that soil moisture
was not the driving factor for the edge effects.
Physicochemical soil conditions and litter stoi-
chiometry influenced the litter decomposition in
our forest stands. Correlation analyses revealed
that litter mass and P loss were positively linked to
the soil pH, while litter mass, N and TC loss were
negatively correlated with the C/N ratio of the
forest floor (litter and fermentation and humus
layers) in the oak stands (S-V). Indeed, the oak and
pine stands were characterized by higher upper
mineral soil pH values and lower forest floor C/N
ratios at the edge than in the forest interior (Wuyts
and others 2011, 2013). Deciduous oak forests are
characterized by lower forest floor and mineral
topsoil C/N ratios than evergreen pine forests, due
to the lower lignin and higher N content in oak
leaves than in needles (Cools and others 2014),
which is preferred by soil macrofauna (David and
Handa 2010; Gerlach and others 2013). The higher
initial TC concentrations in oak leaves compared to
pine needles could be an extra stimulus for popu-
lation development of soil macrodetritivores since
these nutrients are essential components of the
exoskeleton and haemolymph of soil macrofauna
(Hopkin and Read 1992; Kime 1992). Faster
decomposition rates have been observed for leaf
litter of higher quality (low lignin and high nutri-
ent concentrations) (Cornwell and others 2008).
Generally, N and P dynamics in decomposing
litter are characterized by an initial phase of
leaching of soluble substances, followed by an in-
crease in concentration (or immobilization phase),
and a subsequent decrease (or mineralization
phase) irrespective of distance to the forest edge
(for example, Berg and Staaf 1981; Manzoni and
others 2008; Marklein and others 2016). We ob-
served the pattern of net N and P immobilization
and release in the oak stands, but declining or
constant N and P amounts in the pine stands,
irrespective of distance to the forest edge (Fig-
ure 3A, C). The pattern of net N and P immobi-
lization and release can be explained by the
chemical composition of litter and the stoichio-
metric requirements of the microbial decomposer
community that colonizes the litter during degra-
dation (Cline and Zak 2014; Conn and Dighton
2000; Jacob and others 2009). At low-litter C/N
ratios (N excess), homeostatic bacteria and fungi
have a low nitrogen use efficiency (NUE), that is,
low immobilization and high N release to the
environment, but a high carbon use efficiency
(CUE). In contrast, at high-litter C/N ratios they are
expected to lower their CUE while increasing their
NUE (Sterner and Elser 2002). The threshold ele-
mental ratio (TER) expresses the ratio at which an
ecological system switches from C limitation to
nutrient limitation. Berg and McClaugherty (2003)
proposed a TER ranging between 20 and 25 for the
forest floor C/N ratio and between 20 to 30 for the
litter C/N ratio based on a review of decomposition
studies in temperate and boreal forests. During the
first 6 months of the experiment, litter C/N ratio of
the oak stands was higher than 25 (Figure 3B) and
N may have limited microbial growth. After
6 months, oak litter C/N ratio was lower than 25
and consequently NUE decreased, leading to N re-
lease (Mooshammer and others 2014). In the same
way, the pattern of P release is negatively related to
initial litter ratios of C/P and N/P (Jacob and others
2009). Mooshammer and others (2012) confirmed
the negative relationship between P mineralization
and litter C/P ratio for beech litter. We observed an
uptake (immobilisation) of P between February
2015 and November 2015 in the oak stands, except
at the edge (Figure 3C). Starting from December
2015, P was released at all distances, as P was
probably no longer limiting microbial growth. In
the pine stands, litter at the edge of Pn2 lost most N
and P during the first 3 months, probably via
mechanical leaching of soluble compounds. Pine
litter C/N ratios and C/P ratios were, respectively,
above 25 (Figure 3F) and 1000 (data not shown)
during the whole experiment, retarding decompo-
sition. However, Manzoni and others (2008)
showed that decomposer communities are able to
lower their CUE to obtain nutrients from recalci-
trant substrates. Conn and Dighton (2000) also
observed different patterns in N and P immobi-
lization between oak and pine stands in New Jersey
(USA). They attributed the difference in P cycling
to the divergent ectomycorrhizal communities in-
duced by the contrasting chemical characteristics of
the two litter types.
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Based on the data of this and previous studies, it
seems that the edge influence varies from site to
site, probably resulting from the site-specific com-
plex interaction of multiple factors involved in litter
decomposition and affected by edge proximity. It is
therefore important to identify the underlying
driving factors for litter decomposition and nutrient
release at forest edges.
Effect of Edge Conditions on Litter
Decomposition and Nutrient Release
Interchanging litter from edge and interior con-
firmed the influence of edge conditions on litter
mass loss for Qr1, Pn1 and to a lesser extent also for
Qr2. The effect of the litter position was also
apparent on the nutrient release in the oak stands
as litter of Qr1 lost more N, P and TC at the edge
and litter of Qr2 lost more P at the edge than in the
interior (Table 4). The pattern of relative remaining
litter mass and nutrients in the oak stands shows a
‘time lag’ of 6 months, after which the effect of
edge conditions became apparent and larger litter
mass and nutrient losses were observed at the edge,
irrespective of the litter origin (data not shown).
This ‘time lag’ of 6 months coincides with the
period of spring where temperatures and biological
activity are rising (Baldrian and others 2012).
Effect of Litter Quality on Litter
Decomposition and Nutrient Release
In our third hypothesis, we expected that if litter
quality was the primary driver of litter decompo-
sition, edge litter would lose more litter mass and
nutrients even in the forest interior. We observed
this pattern only in Qr1 (Figure 4A). Therefore, the
specific edge conditions (edge-specific microcli-
mate, atmospheric deposition, physicochemical soil
conditions and decomposer community) were
likely stronger regulators of litter mass loss than
intraspecific variability in litter quality. However,
in the pine forest Pn1, edge litter in the forest
interior lost more mass and N compared to litter at
the edge (Figure 4A, B). This could be due to the
specific characteristics (such as understory vegeta-
tion, light availability and soil micro- and macro-
fauna) of the forest interior, which was relatively
open, and edge, where the understory vegetation
was dominated by grasses. In the study of De Smedt
and others (2016), this pine stand showed no de-
crease in millipede abundance and only a moderate
decrease in woodlice abundance as a function of
edge proximity, in contrast to the other investi-
gated oak and pine stands (pers. comm.). This could
indicate a less favourable microclimate at this forest
edge and a more favourable forest interior (because
of the open canopy) compared to the other sampled
forest stands. Effects of litter quality on nutrient
release were also measurable in Pn2, as edge litter
lost more N, P and TC amounts than interior litter
both at the edge and in the interior (Figure 4). It
should be noted that our results hold true for the
selected stands, dominated by oak on the one hand
and pine on the other. In mixed stands, results
could differ considerably as litter decomposition is
affected by species identity and diversity. For in-
stance, Ha¨ttenschwiler and Gasser (2005) found
significant differences in litter decomposition in the
presence of litter of co-occurring tree species.
Effect of the Edge Decomposer
Macrofauna on Litter Decomposition and
Nutrient Release
Placing interior litter in OTC, creating a warmer
‘edge’ microclimate in the absence of the edge
decomposer macrofauna led to more remaining
litter, N, P and TC in one oak (Qr1) stand compared
to interior litter at the edge (Figure 4A). Hence, in
this stand, the absence of the edge decomposer
macrofauna significantly reduced litter decompo-
sition and nutrient release, as stated in our fourth
hypothesis. It was also possible that the tempera-
ture in the OTC did not reach the temperature at
the edge, resulting in lower decomposition rates.
However, the relative increase in the litter layer
temperature within the OTC fell within the range
of the relative increase in the mineral soil temper-
ature at the edge versus the interior. Many studies
have shown an increased decomposition rate in the
presence of macrodetritivores (Vasconcelos and
Luiza˜o 2004; Slade and Riutta 2012). Riutta and
others (2012) observed that the presence of
macrofauna accelerated the decomposition rate
(irrespective of soil moisture level or distance to the
forest edge), and particularly for the oak leaves.
Other studies, for example, Ha¨ttenschwiler and
Gasser (2005) have shown that the influence of soil
fauna is strongest on the decomposition of recalci-
trant litter types, such as pine and oak. Previous
research in the same stands as our study has shown
an overall edge effect on woodlice and millipedes,
with a higher abundance at the forest edge (De
Smedt and others 2016). They partly attributed
their higher abundance due to more favourable soil
chemical conditions (pH, total cations) at the forest
edge, as higher abundances were found at higher
pH values, higher Mg content and lower C/N ratio
of the forest floor litter. The decomposer commu-
E. Remy and others
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nity could help explain the faster litter mass and
nutrient loss at our oak forest edges, as arthropod
detritivores increase the accessible surface area of
dead organic material for further breakdown by the
microbial community (Harper and others 2005).
CONCLUSION
Increased litter mass loss was observed at the forest
edge compared to the interior in the oak stands, but
not in the pine stands. Leaf litter mass loss was
positively correlated with soil pH and negatively to
the C/N ratio of the forest floor in the oak stands,
but not in the pine stands. These favourable soil
chemical conditions (higher pH values and higher
atmospheric deposition of N and total cations (that
is, K, Mg, Ca)) probably promoted the abundance
of the decomposer macrofauna (woodlice, milli-
pedes) at the edge, which may contribute to in-
creased litter breakdown. Nutrient release was
higher for all nutrients (N, P, TC) at the oak forest
edges compared to the interior, but only for N and P
in the pine stands and was also governed by the pH
of mineral soil. Litter position, litter quality and
edge soil macrofauna all influenced litter decom-
position and nutrient release, but the contribution
of each driving factor depended on the specific edge
characteristics of each site. Overall, we demon-
strated an edge effect on litter decomposition and
nutrient release, caused by the complex interplay
of edge conditions (atmospheric deposition of N
and TC, soil pH and C/N ratio), litter quality and
soil decomposer community. Consequently, such
edge effects must be taken into account when
quantifying ecosystem processes, such as litter
decomposition and nutrient cycling in highly
fragmented landscapes, dominating Western Eur-
ope.
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